Background Interleukin-15 is a pleiotropic cytokine that is critical for the development and survival of multiple haematopoietic lineages. Mice OVA-induced model of AAD. In the absence of IL-15, OVA-challenged mice exhibited enhanced bronchial eosinophilic inflammation, elevated IL-13 production, and severe lung histopathology in comparison with WT mice. In addition, increased numbers of CD4 + T and B cells in the spleens and bronchoalveolar lavage (BAL) were also observed. Examination of OVA-challenged IL-15Ra À/À animals revealed a similar phenotype resulting in enhanced airway eosinophilia compared to WT mice. Adoptive transfer of splenic CD8 + T cells from OVA-sensitized WT mice suppressed the enhancement of eosinophilia in IL-15 À/À animals to levels observed in WT mice, but had no further effects.
Summary
Background Interleukin-15 is a pleiotropic cytokine that is critical for the development and survival of multiple haematopoietic lineages. Mice lacking IL-15 have selective defects in populations of several pro-allergic immune cells including natural killer (NK) cells, NKT cells, and memory CD8 + T cells. We therefore hypothesized that IL-15 À/À mice will have reduced inflammatory responses during the development of allergic airway disease (AAD).
Objective To determine whether IL-15 À/À mice have attenuated allergic responses in a mouse model of AAD. Methods C57BL/6 wild-type (WT) and IL-15 À/À mice were sensitized and challenged with ovalbumin (OVA), and the development of AAD was ascertained by examining changes in airway inflammatory responses, Th2 responses, and lung histopathology.
Results Here, we report that IL-15 À/À mice developed enhanced allergic responses in an OVA-induced model of AAD. In the absence of IL-15, OVA-challenged mice exhibited enhanced bronchial eosinophilic inflammation, elevated IL-13 production, and severe lung histopathology in comparison with WT mice. In addition, increased numbers of CD4 + T and B cells in the spleens and bronchoalveolar lavage (BAL) were also observed. Examination of OVA-challenged IL-15Ra À/À animals revealed a similar phenotype resulting in enhanced airway eosinophilia compared to WT mice. Adoptive transfer of splenic CD8 + T cells from OVA-sensitized WT mice suppressed the enhancement of eosinophilia in IL-15 À/À animals to levels observed in WT mice, but had no further effects.
and cd T cells have all been implicated in the development of AAD in murine experimental systems [4] [5] [6] [7] [8] [9] . One cytokine essential to both innate and adaptive immune responses is IL-15. IL-15 is a member of the common c chain (cC) cytokine family and has specific effects on the regulation of haematopoietic lineages [10] [11] [12] . It plays a critical role in the development, maturation, and homeostasis of NK and NKT cells [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and also promotes the activation of dendritic cells (DCs) [23] . In addition, the cytokine helps regulate the homeostasis and survival of peripheral pools of memory CD8 + T cells [24] [25] [26] [27] [28] [29] . Mice lacking IL-15 (IL-15
À/À mice) or its specific private receptor IL-15Ra (IL-15Ra À/ À mice) have selective defects in the generation of NK and NKT cells, memory CD8 + T cells, subsets of cdT cells, and intestinal intraepithelial lymphocytes [30, 31] . We have previously demonstrated a pro-inflammatory role for NK cells in asthma [6] , and as NKT cells, cd T cells, and CD8
+ T cells have all been shown to induce allergic disease, we hypothesized that potential deficiencies of these cell types or their subsets in IL-15 À/À mice may attenuate the manifestations of AAD in these animals.
The present study investigated the development of AAD in IL-15 À/À and IL-15Ra À/À mice using a wellcharacterized ovalbumin (OVA) sensitization and challenge model [9, 32] . Contrary to expectations, our results demonstrate that in the absence of IL-15, IL-15 À/À and IL-15Ra À/À mice demonstrated enhanced AAD consisting of airway eosinophilia and lung histopathology, suggesting that endogenous IL-15 is not required for the development of AAD. Furthermore, the development of allergic inflammation in IL-15 À/À mice was accompanied by a robust Th2-mediated response including increases in the numbers of CD4 + T cells and B cells, elevated levels of Th2 cytokines, and the presence of OVA-specific IgE antibodies, suggesting that the induction of allergen-specific Th2 responses can occur in these animals despite known deficiencies in pro-allergic innate cell types such as NK and NKT cells.
Materials and methods

Animals
Animals used for this study include adult male and female IL-15 À/À and IL-15Ra À/À mice (kindly provided by Dr. Leo Lefrancois, University of Connecticut Health Center, CT) and C57BL/6J (B6) mice (purchased from The Jackson Laboratory, Bar Harbor, ME, USA). All mice were bred and maintained in accordance with respective Institutional Animal Care and Use Committee-approved protocols at the University of Connecticut Health Center (animal protocol numbers 97-044 and 2000-005-03) or at Western New England University (animal protocol number 2014-S1).
Animal model of AAD
We have previously described an OVA-induced model of murine AAD [32] . Briefly, mice were sensitized with three weekly i.p. injections of 25 lg OVA, grade V (Sigma, St. Louis, MO, USA), and 2 mg of alum (aluminium hydroxide) suspended in saline. One week after the last injection, animals were placed in a nose-only exposure chamber and challenged with a 1% OVA aerosol generated by a BANG nebulizer (CH Technologies, Westwood, NJ, USA) for 1 h for 3 or 7 days as indicated in the text. The following experimental groups were used: OVA-OVA mice (sensitized and aerosol challenged with OVA); SAL-OVA (sensitized with saline and aerosol challenged with OVA), OVA i.p. (sensitized, but not aerosol challenged with OVA), and na€ ıve mice (neither sensitized nor aerosol challenged with OVA). Animals were killed 24 h after the last OVA-aerosol challenge, and cells in bronchoalveolar lavage (BAL), spleen, and lung were analysed.
Isolation of cells
Animals were weighed, anaesthetized, and killed by cardiac exsanguination and/or perfusion when necessary. Organs were obtained and processed as follows: spleens were mashed between frosted glass slides and washed with phosphate-buffered saline (PBS); BAL was obtained by lavaging the lungs with five 1 mL aliquots of PBS; whole lungs were minced after BAL isolation and lung cells were obtained after treatment with 1.3 mM EDTA in HBSS at 37°C for 30 min with occasional shaking, followed by digestion with 100 U/mL collagenase (Life Technologies, Rockville, MD, USA) in RPMI containing 1 mM MgCl 2 , 1 mM CaCl 2 , and 5% FCS, at 37°C for 1 h. After suspensions were made, erythrocytes were lysed by hypotonic shock and leucocytes were resuspended in staining medium (SM) containing Hank's balanced salt solution (HBSS) supplemented with HEPES buffer pH 7.2, at a final concentration of 10 mM and FCS at a final concentration of 2%. Total leucocytes were enumerated with a haemocytometer, and viability was assessed on the basis of trypan blue exclusion.
Cell surface phenotypic analysis
Leucocytes from spleen, lung, and BAL were analysed by flow cytometry for cell surface markers. Cells were stained with monoclonal antibodies (mAbs) reactive against different haematopoietic cell surface molecules, and conjugated with either fluorescein isothiocyanate, phycoerythrin, or allophycocyanin: NK1.1 (clone PK136), CD3 (clone 145-2C11), DX5, CD4 (clone RM4-5), CD8 (clone 53-6.7), B220/CD45R (clone RA3-6B2), and CD11b (clone M1/70) (BD Pharmingen, San Diego, CA, USA) and incubated on ice for 30 min. Cells were washed and resuspended in SM containing propidium iodide to differentiate between live and dead cells. Live cells were gated, and the percentages of NK, NKT, CD3-, CD4-, and CD8-positive T cells were enumerated. NK cells were characterized as NK1.1 + and CD3 À . Various subsets of NK cells were characterized using additional markers such as B220 and CD11b (Mac-1). NKT cells were characterized phenotypically as NK1.1 + CD3 + cells. Fluorescence was evaluated using a FACS Calibur analyzer or Accuri C6, and data were processed using CellQuest and FlowJo Software. Lymphocyte gates were designated on the basis of forward-and side-scatter analysis.
Evaluation of AAD parameters
Total leucocyte counts. Total leucocyte counts were obtained from the BAL, lung tissue, and spleen and compared between various groups. Differential cellular analysis of BAL fluid was performed, and percentages of eosinophils, macrophages, lymphocytes, and neutrophils were enumerated using cytocentrifuged preparations stained with May-Grunwald-Giemsa.
Determination of pulmonary function. Pulmonary function of OVA-OVA mice was assessed at baseline (after OVA i.p. injections but prior to OVA-aerosol challenge) and 12 h after three days of OVA-aerosol challenge in awake, unrestrained mice by whole-body barometric plethysmography. Briefly, mice were placed in the main chamber of a whole-body plethysmograph (Buxco Electronics, Sharon, CT, USA) and exposed for 2 min to aerosolized saline or increasing concentrations of methacholine from 3 to 300 mg/mL. Respiratory system variables including tidal volume, respiratory frequency, inspiratory/expiratory times, and changes in box pressure were recorded before and during aerosolization and for 4 min after each exposure. The maximal enhanced pause (Penh) value response to methacholine was recorded at each dose.
Histology. Airway inflammation was assessed by performing standard lung histology. Briefly, unmanipulated, non-inflated lung tissue was removed from animals at the time of killing, fixed in a 10% buffered formalin solution, and embedded in paraffin. Tissue sections were stained with haematoxylin and eosin (H&E) for general morphology and diastase-periodic acid-Schiff (PAS) for the detection of mucins. Digital images of lung sections were captured using a Carl Zeiss (Thornwood, NY, USA) Axioplan 2 microscope, an Axiocam HR digital camera, and Axiovision software. Pathological scoring for inflammation and mucus production was performed in a blinded manner by five reviewers on a severity scale of 0-3 as previously described [33] . For inflammation scores, a value of '0' was assigned when no inflammation was detectable, '1' for mild peribronchiolar/perivascular inflammation, '2' for significant peribronchiolar/perivascular clustering, and '3' for significant clustering and airway remodelling. For mucus scores, a value of '0' was assigned when no mucus was present, '1' for occasional and punctate mucus staining in the airways, '2' for the presence of ring-like mucus structures in < 10% of the airways, and '3' for the presence of ring-like mucus structures in > 10% of the airways.
Antibody determination. Venous blood samples were obtained by cardiac puncture and analysed for the presence of OVA-specific IgE antibody. IgE was captured from diluted serum using Costar high-binding RIA plates (Corning Inc, Corning, NY, USA) coated with anti-mouse IgE (R35-72; BD Pharmingen, San Diego, CA, USA) at 2 lg/mL in 0.1 mol/L carbonate, pH 9.5. Detection was with an OVA-digoxigenin conjugate followed by horseradish peroxidase-conjugated antidigoxigenin [9] . Plates were developed with the TMB microwell peroxidase substrate system (Kierkegaard & Perry Laboratories, Gaithersburg, MD, USA). IgE standard was obtained from the supernatant of an IgE-producing clone.
Measurement of cytokines. BAL fluid from control and experimental groups was concentrated ten-fold using an Amicon (Beverly, MA, USA) Centriplus YM-10 filtration device and examined by ELISA for the presence of IL-4 and IL-5 (BD Pharmingen) and IL-13 (R & D Systems, Minneapolis, MN, USA). Cytokine concentrations are represented as total amount present in the BAL fluid.
ELISPOT analysis. Cells secreting IFN-c and IL-4 in an Ag-specific manner were detected using a standard ELI-SPOT assay as previously described [6] .
Adoptive transfer experiments
Mice including donors, recipients, and controls were sensitized twice with OVA and alum as described above. One day prior to challenge, spleens were harvested from donor wild-type (WT) C57BL/6 mice and CD8 + T cells were isolated using negative selection and magnetic beads (Miltenyi Biotec, San Diego, CA, USA). Approximately 2.2 million cells were transferred i.v. into recipient WT and IL-15 À/À animals. All mice including recipients and controls were then challenged with 1% nebulized OVA and killed as described above.
Statistical analysis
Experimental groups were compared to each other by Student's t-test. Multiple group comparisons were made using ANOVA. Values of P equal or < 0.05 were considered significant. All data are expressed as the mean AE SEM.
Results
Enhanced eosinophilic inflammation in IL-15 À/À OVA-OVA mice during OVA-AAD We followed the development of ovalbumin-induced allergic airway disease (OVA-AAD) in IL-15 À/À mice after three and seven days of OVA-aerosol challenge. At these time-points, BAL collected from na€ ıve, OVA i.p., or SAL-OVA mice showed no inflammation and consisted predominantly of macrophages with <2% lymphocytes, neutrophils, and eosinophils (data not shown). After three days of OVA-aerosol challenge, an acute inflammation was seen in the BAL fluid of both WT and IL-15 À/À OVA-OVA mice (Fig. 1a) . The inflammatory infiltrate consisted of >80% eosinophils along with lower percentages of macrophages, lymphocytes, and neutrophils (Fig. 1b) . Interestingly, although there were no differences in the distribution of leucocytes between the two groups, a higher number of inflammatory cells were recovered from the BAL of IL-15
OVA-OVA mice as compared with the WT controls (Fig. 1a,b) . Similar results were obtained after seven days of OVA-aerosol challenge. At this time-point too, IL-15 À/À OVA-OVA mice had a much higher number of inflammatory cells as well as elevated numbers of eosinophils in the BAL as compared with WT controls (Fig. 1c,d ). These observations therefore suggested that IL-15 À/À mice develop enhanced eosinophilia during OVA-AAD.
Changes in airway hyperresponsiveness during the development of OVA-AAD
The ability of IL-15 À/À OVA-OVA mice to develop enhanced inflammatory responses during OVA-AAD was further evaluated by assessing changes in airway sensitivity to inhaled methacholine (Fig. 2a) . Prior to OVA-aerosol challenges, paired WT and IL-15 À/À mice both demonstrated similar Penh responses to inhaled methacholine with a slightly enhanced response observed in WT mice at higher doses (Fig. 2a) . Following three OVA-aerosol challenges, both WT and IL-15 À/À animals exhibited enhanced methacholine sensitivity compared with pre-OVA exposure, with similar increases in Penh observed to increasing doses of the bronchoconstrictor (Fig. 2a) . These data therefore indicated that there is no difference in airway hyperresponsiveness between OVA-sensitized and OVA-challenged WT and IL-15 À/À mice in this model, suggesting that endogenous IL-15 is not required for the development of airway hyperresponsiveness during OVA-AAD.
Increased levels of IL-13 in BAL of IL-15
À/À OVA-OVA mice
In order to determine the nature of the BAL inflammation and evaluate systemic responses during OVA-AAD, cytokines were measured in the BAL (Fig. 2b-d ) and splenic cells were examined for the presence of IL-4-producing T cells (Fig. 2e) . After three days of OVA-aerosol challenge, increased levels of the cytokines IL-5, IL-13, and IFN-c were detected in the BAL of WT and IL-15 À/À OVA-OVA mice as compared with OVA i.p. and SAL-OVA controls ( Fig. 2b-d) . Interestingly, while there were no differences in the levels of IL-5 ( Fig. 2b) and IFN-c (Fig. 2d) between the two is shown. (f) Serum OVA-specific IgE as determined by ELISA after seven days of OVA-aerosol challenge is shown. Data are representative of three or more experiments. n = 7-14. *P < 0.05; **P < 0.01; ***P < 0.001.
groups, the levels of IL-13 were significantly increased in IL-15 À/À OVA-OVA mice as compared with WT OVA-OVA mice (Fig. 2c) . Elevated levels of IL-13 were also found in the BAL of IL-15 À/À OVA-OVA mice after seven days of OVA-aerosol challenge (data not shown).
The ELISPOT assay was used to determine the systemic nature of the cytokine response during the progression of OVA-AAD. Splenic cells were isolated from OVA-OVA mice and their T cell IL-4 production capacity was evaluated in the presence of specific OVA peptide (Fig. 2e) . After seven days of OVA-aerosol challenge, splenic cells from both WT and IL-15 À/À OVA-OVA mice were able to make equivalent levels of IL-4 in response to OVA peptide restimulation. After three days of OVA-aerosol challenge, splenic IL-4 production could not be detected in either group examined (data not shown). The production of IFN-c using the ELISPOT assay was also assessed, but no differences were observed (data not shown).
Systemic Antibody responses during OVA-AAD
The systemic nature of the immune response was further evaluated by enumerating the levels of serum OVA-specific IgE after three and seven days of OVAaerosol challenge. At these time-points, equivalent levels of OVA-specific IgE were recovered from the serum of both WT and IL-15 À/À OVA-OVA groups and no significant increases were observed in either group compared to OVA i.p. mice (Fig. 2f and data not shown).
Increased CD4 + T cells and B cells in IL-15
À/À OVA-OVA mice during OVA-AAD Because IL-15 À/À mice are deficient in certain lymphocyte subtypes, we evaluated the lymphocyte compartment in the spleen, lung, and BAL to determine whether there were any changes in the absolute numbers ( Fig. 3) and percentages (Fig. 4) of lymphocyte populations during the development of OVA-AAD. Examination of na€ ıve, SAL-OVA, or OVA i.p. mice revealed profound deficiencies in the percentages of NK and NKT cells in the spleens and lungs of IL-15 À/À mice (Fig. S1 ). Very few cells were recovered from the BAL of control animals to allow accurate enumeration by flow cytometry. After seven days of OVA-aerosol challenge, increased total numbers of cells were found in the spleens of IL-15 À/À OVA-OVA mice in comparison with both WT OVA-OVA mice and saline-sensitized or unchallenged controls (na€ ıve, SAL-OVA, and OVA i.p. mice are represented as one group as they exhibited a similar phenotype in both animal strains) (Fig. 3a) To further assess whether the dramatic increase in eosinophilia in IL-15 À/À mice translated to severe changes in lung pathology in OVA-exposed animals, qualitative histological analysis of lung tissue was performed. The lungs from na€ ıve non-OVA-exposed mice appeared normal without any remarkable pathologic changes (Fig. 5a, top left panel) . As observed previously [32] , after seven days of OVA-aerosol challenge, WT OVA-OVA mice had significant peribronchial and perivascular inflammation in the lung tissue characterized by an infiltration of lymphocytes and eosinophils (Fig. 5a, top  middle panel) . Similarly, IL-15 À/À OVA-OVA mice also developed extensive peribronchial and perivascular inflammation, which appeared to be significantly enhanced as compared with WT OVA-OVA mice (Fig. 5a, bottom middle panel) . Lungs from IL-15 À/À na€ ıve mice appeared normal for the most part without any remarkable pathologic changes (Fig. 5a, bottom left  panel) . However, there were noticeable small focal areas of inflammation suggesting some minor level of alveolar inflammation. IL-15 À/À OVA-OVA mice also showed the presence of mucus-secreting cells by PAS stain and this also appeared to be enhanced compared to that observed in WT OVA-OVA controls (Fig. 5, top and  bottom right panels) . Pathological scoring of histological sections by blinded, independent observers confirmed these observations with increased lung damage observed in IL-15 À/À OVA-OVA mice as compared to WT OVA-OVA animals (Fig. 5b) . In contrast, quantitative scoring of the degree of mucus staining suggested that both groups exhibited similar levels of mucus staining (Fig. 5c ). These observations therefore confirm the results obtained from BAL differential analysis demonstrating that IL-15 À/À mice have enhanced airway inflammation during the development of OVA-AAD.
IL-15Ra
À/À animals also exhibit enhanced airway eosinophilia during OVA-AAD
The secretion of IL-15 in the serum is tightly regulated, and the homeostasis of IL-15-dependent cell types such as NK and memory CD8 + T cells is thought to be regulated by trans-presentation of IL-15 by IL-15Ra on accessory cells. [12, 18, 19, 22, [34] [35] [36] [37] [38] [39] . Because IL-15 À/À mice exhibited enhanced airway responses to OVA challenge, we wondered whether a similar phenotype would be observed in IL-15Ra À/À mice, which are deficient in IL-15Ra, the specific private receptor for IL-15. Like IL-15 À/À animals, these mice also exhibit profound deficiencies in NK, NKT, and memory CD8 + T cells as described above. OVA sensitization and challenge of IL15Ra À/À mice resulted in enhanced bronchial inflammation at both three and seven days after OVA-aerosol challenge. Differential analysis of the BAL fluid revealed the presence of infiltrates comprising a majority of eosinophils accompanied by lymphocytes and some macrophages (Fig. 6a,b) . This suggested that OVA-challenged IL-15Ra À/À animals also develop enhanced eosinophilia as compared to WT OVA-OVA mice and as observed in their IL-15 À/À counterparts. Evaluation of other parameters of AAD such as airway hyperresponsiveness and BAL Th2 cytokine production levels also yielded similar results to those observed in IL-15 À/À animals. These included a tendency to develop elevated BAL IL-13 in comparison with allergic WT mice (Fig. 6c ) as well as a comparable degree of sensitivity to increasing doses of inhaled methacholine exposure (data not shown). Lastly, examination of lung histological sections revealed the presence of severe lung inflammation in OVA-challenged IL-15Ra
mice. However, the degree of inflammation was comparable to that observed in WT OVA-OVA mice in terms of both the intensity and type of cellular inflammatory response as well as the presence of mucus in the airways (Fig. 6d) . These data therefore suggested that IL-15Ra À/À mice also exhibit enhanced airway eosinophilia and develop severe lung inflammation during OVA-AAD.
Partial suppression of eosinophilia in IL-15
À/À OVA-OVA mice by OVA-sensitized WT CD8 + T cells
Because we observed decreased percentages of CD8 + T cells in IL-15
À/À mice during OVA-AAD and these mice are known to be deficient in populations of memory CD8 + T cells, we wondered whether the allergic phenotype observed in these animals may be due to a lack of immunoregulation by CD8 + T cells. The role of CD8 + T cells during AAD is controversial with several studies suggesting both pro-and anti-inflammatory effects on airway inflammation and airway hyperresponsiveness [40] [41] [42] [43] [44] [45] [46] [47] . To determine whether the increased airway eosinophilia observed in IL-15 À/À OVA-OVA mice is regulated by CD8 + T cells in this model, we assessed whether the adoptive transfer of splenic CD8 + T cells from OVA-sensitized WT mice would attenuate the development of allergic inflammation in IL-15 À/À animals. Splenic CD8 + T cells were isolated from OVA-sensitized WT mice and transferred i.v. into both OVA-sensitized WT and IL-15 À/À recipients one day prior to the commencement of OVA challenges. At this time, an increased number of OVA-specific CD8 + T cells are present in the spleens of OVA-sensitized WT mice as we have previously shown [48] .
Seven days after OVA challenge, elevated numbers of eosinophils were observed in the BAL of WT OVA-OVA mice as compared to unchallenged controls (Fig. 7a) . Furthermore, comparably elevated numbers of eosinophils were also observed in the BAL of WT OVA-OVA recipients of CD8 + T cells, suggesting that the adoptive transfer of CD8 + T cells has no significant effects on the development of BAL eosinophilia in these mice (Fig. 7a) . In contrast, while IL-15 À/À OVA-OVA mice developed enhanced airway inflammation and eosinophilia in comparison with WT OVA-OVA mice, adoptive transfer of WT CD8 + T cells suppressed the development of BAL eosinophilia in IL-15 À/À OVA-OVA recipients to levels observed in WT OVA-OVA mice (Fig. 7a) . Qualitative evaluation as well as pathological scoring of lung histological sections similarly revealed increased peribronchial and perivascular airway inflammation in both untreated and CD8 + T cell-treated WT OVA-OVA mice, with enhanced overall inflammation observed in some of the WT CD8 + T cell recipients (Fig. 7b,c) . In contrast, while IL-15 À/À OVA-OVA mice exhibited severe lung histopathology compared with WT OVA-OVA mice, the degree of lung inflammation was reduced in IL-15 À/À recipient mice receiving WT CD8 + T cells (Fig. 7b,c) . These data therefore suggest that antigen-specific CD8 + T cells are able to regulate the development of airway eosinophilia in IL-15 À/À mice. However, this regulation is incomplete, as Th2 responses and eosinophilia can still be induced in IL-15 À/À mice receiving exogenous WT CD8 + T cells and in WT mice with a full complement of endogenous CD8 + T cells.
Discussion
The present study addressed the role of endogenous IL-15 in the regulation of AAD in a murine model of allergic asthma. During the development of OVA-AAD, IL-15 À/À mice showed enhanced allergic responses after both three and seven days of OVA-aerosol challenge, as compared to WT mice. These enhanced responses included increased airway eosinophilia, more severe histopathologic changes, and increased production of the Th2 cytokine IL-13. In addition, IL-15 À/À mice also had greater numbers of CD4 + T cells and B cells in the spleen and BAL as compared with WT mice during 
AAD. IL-15Ra
À/À mice also developed enhanced airway inflammation in response to OVA-aerosol challenge resulting in increased airway eosinophilia and the production of Th2-specific cytokines. These results indicate that endogenous IL-15 may have anti-inflammatory effects in the development of AAD and that the activation of IL-15-dependent cell types such as NK cells and NKT cells is not essential for the development of allergic inflammation in IL-15 À/À mice. IL-15 is a pleiotropic cytokine that has multiple effects on various cell types. Although it was initially found to mimic IL-2 due to the shared binding receptor utilized by both cytokines, several studies demonstrate that IL-15 has distinct effects on many different cell types in vivo and makes distinct contributions to the life and death of lymphocytes [24, 49, 50] . Mice lacking IL-15 or its private receptor IL-15Ra have selective defects in the generation of NK and NKT cells, subsets of cdT cells, intestinal intraepithelial lymphocytes, and memory CD8 + T cells [30, 31] . Moreover, through its effects on the activation of NK cells and DCs and its regulation of the homeostasis and survival of peripheral pools of memory cells, IL-15 has critical impacts on the development and regulation of innate and adaptive immune responses [12, 13, 19, 21, 23, 24, 26, 28, 29, 36, 37, [51] [52] [53] .
We and others have previously demonstrated a proinflammatory role for NK cells in the development of AAD [6] . Because endogenous IL-15 plays a critical role in the expansion and survival of peripheral pools of NK cells, we initially hypothesized that induction of AAD in IL-15 À/À animals would result in an attenuation of allergic disease and confirm our previously observed results. Furthermore, IL-15 À/À mice also have defects in NKT cells, memory and intraepithelial CD8 + T cells, and cd T cells, each of which has been shown to play critical roles in AAD. Thus, we expected that a combined deficiency of these cell types would prevent the induction of allergic disease in IL-15 À/À mice. Our data demonstrate that endogenous IL-15 is not required for the development of asthma, but also suggests that allergic inflammation accompanied by a strong Th2 cell response can develop in the absence of functional populations of IL-15-dependent cell types such as NK, NKT, cd, and intraepithelial and memory CD8 + T cells. While several of these cell types have been shown to drive distinct aspects of allergic inflammation (including airway eosinophilia as well as airway hyperresponsiveness), our data suggest that allergen-specific CD4 + T cells can develop in their absence, and it is likely that the pro-inflammatory contribution of these cell types to airway inflammation and airway hyperreactivity is dependent on the immune microenvironment including the type of allergen, the route of exposure, the host genetic background, other variables such as viral infections, as well as the appropriate cytokine stimulus. The host genetic background is an especially important consideration as evidence from several studies suggests that the pro-inflammatory contributions of innate cells can differ depending on the priming regimen and type of mouse strain. For example, while iNKT cells play critical roles in the development of airway inflammation and airway hyperresponsiveness in Th2-prone BALB/c mice [8] , they have sometimes been found to be dispensable in an environment that favours Th1 responses, as in C57BL/6 mice [5] . Furthermore, despite profound deficiencies of various cell types in IL-15 À/À mice, it is important to be careful in interpreting their respective contributions, because IL-15-independent subsets of functional NK and CD8 + T cells have been recently observed in these animals during specific experimental conditions [54, 55] . Lastly, other pro-allergic cell types may also be involved and several recent studies now suggest that the initial cytokine stimulus required to induce allergen-specific Th2 responses is provided by innate cells such as ILC2s [4, 56, 57] .
The exacerbation of allergic inflammation due to IL-15 deficiency has been observed in other models as well. Aoi et al. [58] demonstrated the presence of aggravated allergic rhinitis in IL-15 À/À mice, and Laza-Stanca et al. [59] have shown that IL-15 deficiency in humans is associated with virus-induced asthma exacerbations. Similarly, Ong et al. [60] showed that decreased levels of IL-15 may contribute to elevated IgE and inflammation in subjects with atopic dermatitis and that the addition of IL-15 to in vitro cultures of peripheral mononuclear cells from atopic dermatitis patients suppresses their production of IgE. Furthermore, haplotype analysis and investigation of IL-15 polymorphisms provide evidence both for and against association of IL-15 gene variants with asthma [61, 62] . In contrast to these observations as well as our own findings in IL-15
and IL-15Ra À/À mice, Ruckert et al. [63] reported that treatment with soluble IL-15Ra prevents the induction of allergen-specific T cells and allergic inflammation, suggesting that the blocking of IL-15 prevents the development of asthma. One reason for this apparent discrepancy may be that these investigators used Th2-biased BALB/c mice in their studies as opposed to our C57BL/6 animals, which require a more robust immunization regimen with OVA and alum. Additionally, the use of different model systems such as soluble IL-15Ra vs. immunodeficient mice must also be taken into account, because IL-15 À/À mice lack not only IL-15, but also several IL-15-dependent cell types, which may impact the observed results. Furthermore, occasional na€ ıve IL-15 À/À animals exhibited minor alveolar inflammation, which could also potentially impact our observations. Taken together, these data therefore suggest a regulatory role for IL-15 in allergic disease. IL-15 is widely expressed by many cells including epithelial cells, macrophages, and DCs and is produced early during immune responses [10, 11] . IL-15 is also a known inducer of IL-12 and IFN-c production and is up-regulated in many Th1-type inflammatory diseases [64, 65] . Furthermore, IL-15-dependent cell types such as NK and NKT cells as well as CD8 + T cells are also major producers of IFN-c during immune responses. As such, IL-15 deficiency as well as deficiencies in IFN-cproducing IL-15-dependent cells during AAD may result in the removal of critical signals that are needed for immune regulation, leading to the development of an exaggerated Th2 inflammatory response. In this regard, Ohteki et al. [23] showed that macrophages and DCs from cC subunit-deficient, IL-2/IL-15Rb-deficient, or IL-15 À/À mice were severely impaired in their capacity to induce microbicidal activity due to impaired production of IL-12, IFN-c, and nitric oxide. They also had defective up-regulation of MHC class II and CD40, thus affecting their antigen-presenting function. However, in contrast to these results observed in the context of Th1-mediated responses, our data demonstrated that local lung levels as well as systemic levels of IFN-c were comparable in WT and IL-15 À/À OVA-OVA mice, suggesting that the production of IFN-c is not affected during Th2-mediated OVA-AAD responses in these animals and that other IFN-c-producing cells such as subsets of effector CD8 + T cells may be present in the lung compartment.
OVA-challenged IL-15 À/À mice in this model showed increased levels of the Th2 cytokine IL-13 in BAL during OVA-AAD relative to WT OVA-OVA mice. An inverse correlation between IL-15 and IL-13 has also been observed in other experimental systems [66] and in humans with asthma [67] . These investigators showed that the sputum of asthmatic patients contained higher levels of IL-13 and lower levels of IL-15. However, inhaled corticosteroid treatment of affected subjects resulted in the reverse with increased levels of IL-15 and decreased levels of IL-13 [67] . The increased production of IL-13 during Th2 responses has been specifically correlated with both increased airway hyperresponsiveness and increased mucus production [68] . As such, the increased levels of IL-13 observed during AAD in our IL-15 À/À OVA-OVA mice may thus also explain their increased mucus production. In this context, the elucidation of the cellular source of IL-13 production during OVA-AAD is an important consideration and merits further investigation.
During AAD, IL-15 À/À mice also showed increased numbers of CD4 + T cells and B cells in the spleen and BAL, and decreased numbers of CD8 + T cells in the spleen and lung, relative to WT controls. IL-15Ra is a negative regulator of proliferation of CD4 + T cells [69] . [40, 43, [46] [47] [48] [71] [72] [73] [74] [75] . In a biphasic model of OVA-AAD, we showed that increased numbers of OVA-specific pro-inflammatory CD8 + T cells, expressing high levels of CD11a and increased functional expression of granzyme B and IFN-c, can be found in the pulmonary compartment during the acute phase of OVA-AAD, but not during the local inhalational tolerance phase, during which they acquire inhibitory markers instead [48] . Furthermore, in a discontinuous model, we showed that antigen-specific CD8 + T cells could be recalled on reexposure to OVA, demonstrating that these cells had acquired memory and were responsive to antigen rechallenge. This may account for our observations that transfer of WT CD8 + T cells does not significantly attenuate BAL eosinophilia in WT recipients, and instead may have exacerbated lung inflammation in a couple animals. In IL-15 À/À mice however, we observed partial suppression of airway eosinophilia resulting in levels comparable to those observed in WT mice, suggesting that the enhancement of eosinophilia observed in these animals can be regulated by CD8 + T cells. A number of reasons may account for the dichotomous behaviour of WT CD8 + T cells with regard to suppression vs. no suppression post-transfer into IL-15 + T cells in different organ compartments can exhibit distinct cytokine profiles which can influence the trajectory of the allergic response [48, 71] . For example, Stock et al. [71] demonstrated that while CD8 + T cells in the pulmonary compartment exhibit Th2-like profiles producing high levels of IL-5 and IL-13, those in the spleen exhibit a Th1-like profile producing high levels of IFN-c. Because our adoptive transfer experiments involved the transfer of splenic CD8 + T cells, it is possible that these may have produced significantly more IFN-c than normally present in IL-15-deficient mice, which may have consequently suppressed the development of eosinophilia. Indeed, the examination of BAL fluid of IL-15 À/À OVA-OVA mice receiving WT CD8 + T cells demonstrated increased overall levels of IFN-c compared with untreated mice (data not shown). Furthermore, assessment of the effects of systemic and intranasal IFN-c treatment both prior to and during OVA challenges demonstrated the suppression of airway eosinophilia in both WT and IL-15 À/À mice (data not shown), suggesting that the regulatory effects of CD8 + T cells may be dependent on IFN-c as has been previously shown [42, 76] . Other possibilities for the dichotomous behaviour of CD8 + T cells may also exist. For example, the potential effects of IL-15-dependent innate cell types such as NK and NKT cells in modulating the functional behaviour of effector and memory CD8 + T cell populations have not been well examined. Several recent studies suggest that innate cells can influence the proliferation and functions of CD8 + T cells [77] [78] [79] , and their absence in IL-15 À/À animals may thus also potentially modulate the homeostasis and functions of distinct CD8 + T cell subsets during allergic inflammation. Similarly, the specific effects of IL-15 in modulating the survival, function, and maintenance of diverse populations of CD8 + T cells, including na€ ıve, effector, and memory subsets, must also be considered. Depending on the antigen, the type of inflammation, and the specific immune compartment, IL-15 can have distinct effects on the proliferation, migration, and functions of CD8 + T cell populations [80] , which could potentially impact the behaviour of transferred WT CD8 + T cells in an IL-15-deficient environment. Lastly, several populations of IL-15-independent CD8 + T cells, including tissue-resident memory CD8 + T cells, also exist in mucosal tissues and may have the potential to influence the development of inflammation [81] [82] [83] [84] [85] .
Our findings are also different from those observed by Aoi et al. in the model of allergic rhinitis wherein they reported that CD8 + T cells suppressed inflammation in WT, but not IL-15 À/À mice. However, it is important to consider that subsets of IL-15-dependent CD8 + T cells may exert distinct effects during distinct manifestations of allergic inflammation such as allergic rhinitis and allergic asthma. Furthermore, the use of different types of adjuvants may also account for this discrepancy. Our model system uses an OVA/alum sensitization regimen resulting in Th2-type responses, whereas the model system used by Aoi et al. [58] relies on OVA/CFA sensitization resulting in a Th1/Tc1 and Th2 response as described by the authors. The precise mechanisms by which IL-15-dependent CD8 + T cells modulate the enhancement of eosinophilia during OVA-AAD need to be further delineated and further insight may also be gained from comparing the effects of adoptive transfer of CD8 + T cells from both OVAsensitized WT and IL-15 À/À mice into IL-15 À/À recipients, and examining their cytokine production. Taken together, these data suggest that different subsets of CD8 + T cells can promote both pro-and anti-inflammatory effects during OVA-AAD. However, the lack of complete suppression of airway eosinophilia argues against this being the sole mechanism by which AAD is regulated in these animals.
Lastly, it is also important to consider that the IL-15 receptor system utilizes a unique means of generating IL-15 signalling [12] . We and others have shown that IL-15Ra is not required on responding lymphocytes for IL-15-mediated signals [86] [87] [88] . Instead, IL-15 binds IL15Ra with high affinity on accessory cells, resulting in endosomal recycling of IL-15 and trans-presentation to the IL-2/IL-15Rb and cC chains on responding lymphocytes [34, 89] , thus ensuring a continuous pool of IL-15 for IL-15 signalling. Our findings demonstrating that OVA-challenged IL-15Ra À/À mice also develop enhanced eosinophilic airway inflammation and exhibit similar pathologic changes to those observed in OVA-challenged IL-15 À/À mice not only confirm the role of IL-15, but also elucidate a novel role for IL-15Ra-mediated signalling events during OVA-AAD. Future studies investigating the specific functions of IL-15Ra as well as the cellular source of IL-15 and its trans-presentation may shed further light on the mechanisms by which IL-15-mediated signalling modulates the allergic response in this model system. In summary, our results show that endogenous IL-15 production is not essential for the development of murine OVA-induced AAD. The allergic phenotype was not only established but also enhanced in IL-15 À/À animals. These findings were associated with increased eosinophilia and enhanced numbers of CD4 + T cells, B cells, and IL-13 levels relative to WT controls. The specific roles of NK cells (or NKT and cd T cells) in AAD cannot be accurately determined in our model, as IL-15 À/À mice exhibit defects in many different cell types and the role of IL-15-independent subsets of both NK and CD8 + T cells must also be considered [54, 55] . Nevertheless, the deficiencies in function of these and other cell types in IL-15 À/À mice suggested that these animals would demonstrate attenuated AAD inflammatory responses and thus confirm our previous observations regarding the role of NK cells. We found the opposite: IL-15 À/À mice developed enhanced AAD relative to WT animals. These novel observations suggest that IL-15 may exert additional, as yet unidentified, forms of immune regulation that are anti-inflammatory in this asthma model.
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